To fulfill the needs of construction quality, progress control and sustainable development of the underground space, it is desirable to collect and visualize as-built tunnel information in real time. In the current practice, the as-built model of a tunnel is produced either by using advanced technologies like 3D laser scanning after construction ends, or by employing specialist tunnel surveyors to directly measure the invert positions. However, limitations of commonly applied as-built tunnel survey methods are identified in terms of accuracy, cost, or modeling speed. In this paper, we propose a new approach to enabling as-built modeling and visualization of tunnels based on real-time TBM tracking and positioning data. With a tunnel alignment automation control system being implemented, the TBM is turned into a "sensor" to map out as-build information in real time, without incurring extra labor cost or survey equipment. The proposed approach was field-tested and preliminary findings are discussed.
INTRODUCTION
With the trend of global urbanization, more and more underground facilities are built in urban areas, of which a large percentage are transit and utility tunnels built by Tunnel Boring Machines (TBM). As we further develop the underground space, we also make it increasingly congested. Compared with above ground buildings, tunnels are invisible as they are buried underground. To fulfill the need of sustainable development of underground space, especially to avoid collisions between existing tunnels and tunnels to be built, we need to well-document positions of the as-built tunnels.
In addition, managing a tunneling project is not an easy task. Strict requirements on as-built alignment control are generally imposed for quality assurance. According to Megaw and Bartlett (1981) , the acceptable tolerance for the as-built alignment of a metro tunnel can be as tight as ±40 mm. For a drainage tunnel, the tolerance is normally limited to 50 mm in both horizontal and vertical directions; the maximum deviation over a total length of a few kilometers must be controlled under 150 mm (The City of Edmonton 2012). As we cannot intuitively see the TBM and the as-built tunnel, keeping the alignment in tight margins along such a long distance is really challenging. To ensure the quality of the as-built tunnel, it is desirable to visualize the alignment of tunnel sections being built in real time with mm level accuracy.
In this paper, we propose a new approach for real-time visual simulation of the as-built tunnel relying on data collected by the deployed automation system for tunnel alignment control at no extra cost. The Virtual Laser Target Board (VLTB) TBM Guidance System (Shen et al. 2012 ) is used for data acquisition and transmission; the present research develops a program for as-built modeling and visual simulation. To validate the feasibility of our approach, a case study was carried out in a real-life drainage tunnel project in Edmonton, Alberta, which is presented in this paper. The limitation and future improvement are also discussed.
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LITERATURE REVIEW
To visualize the as-built tunnel, the first step is to collect as-built data. In the current practice, as-built data are retrieved mainly in two ways, namely: by remote sensing techniques like 3D Laser Scanning and Ground Penetrating Radar, or by measuring the positions of concrete lining segments. 3D Laser Scanning is a technique that uses laser beams to profile the shape of a real-world object. It has been applied for the as-built modeling and some other geotechnical and operational applications in a drill and blast tunnel (Fekete, Diederichs, and Lato 2010) , and also for the deformation analysis of a bored tunnel (van Gosliga, Lindenbergh, and Pfeifer 2006) . With this technique, we can automatically retrieve 3D as-built models with high resolution and accuracy, but it is non-portable and the equipment cost is still high (Zhu, and Brilakis 2009) . Besides, for a tunnel built by the TBM method, 3D laser scanning is only possible after the completion of the project, as there are many temporary facilities in the congested tunnel space during the construction stage.
Ground Penetrating Radar (GPR) has been widely applied since the 1970s (Metje etal. 2007 ). It is a geophysical method that uses radar pulses to map the underground. It can be used for locating a wide variety of buried pipes, from plastic pipes to metallic pipes. However, this technique is limited in several aspects. First, the performance of a GPR largely depends on electrical conductivities of soils at the site. If the soil conductivity is high, the radar signal attenuates very fast in the ground and the maximum penetration range would be greatly reduced. Second, the accuracy is normally about several feet, which is not enough for accurate as-built modeling. Third, interpretation of radar-gram is not simple, full of noises and uncertainties, and thus requires special training. (Ghassemi, Zoldy, and Javady 2010) Apart from remote sensing technologies, a more straightforward approach is directly measuring the positions of concrete lining segments. proposed an approach for modeling and visualization of underground structures, based on latest construction information available. It worked well in Shanghai Yangtze River Tunnel, a large twin-tube bored tunnel with an outer diameter of 15.0m (Li, Zhu, and Zhen 2009) . However, for a typical tunnel project, especially a small diameter one, position information of concrete lining segments is not readily available. The manual process of data acquisition and analysis is time-consuming and requires the expertise of specialist surveyors.
After we retrieve as-built data, the next step is to generate as-built models and draw these models on the screen. Borrmann and Jubierre (2013) proposed a multi-scale tunnel product model which preserves coherent geometry and semantics under different level of details, by making use of procedural geometry descriptions and explicitly defining dependencies between individual geometric objects. However, their model is generated by extruding cross-sections along a given axis, and is mainly targeted for the design and planning of a tunnel project. The present research is intended to generate a tunnel product model based on as-built data collected from the field as TBM advances. The TBM is taken as "sensor" to map out as-build in real time.
PROPOSED METHODOLOGY
To improve the current practice of as-built tunnel modeling, a new approach is proposed based on using real-time TBM positioning data. The modeling algorithm is illustrated, and several issues about visualizing the soil layers, tunnel, and related information are also presented.
Illustrations of the Proposed Methodology
In a tunneling site, the tunneling crew installs concrete lining segments behind the TBM ring by ring, just like masons lay bricks layer by layer. It is reasonably assumed that the position of the latest installed tunnel section are determined by the position (distance, line deviation, and grade deviation) and orientation angles (yawing and pitching angles) of the TBM, as illustrated in Figure 1 . Refer to Wu et al. (2013) for more information about the algorithmic details.
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As the TBM moves forward, new tunnel sections are installed one by one along the advancing direction of the machine, and the as-built model is also updated correspondingly, as shown in Figure 2 . 
Visualization of Soil Layers
In order to augment the visualization effect, it is desirable to visualize surrounding soil layers along the tunnel alignment. Figure 3 is a sample geological drawing from a project in the City of Edmonton. In this drawing, soil layers are interpolated between boreholes, which were drilled along the as-designed tunnel alignment before the construction of this project.
To visualize soil layers, we first divide the vertical cross section of the ground into several congruent, long and narrow rectangles. These rectangles are basic geometric units to be rendered by shaders (a shader is a program running on a graphics processing unit; it is used to do shading). In each rectangle, we assume that boundaries between different soil layers are linear. Thus, boundaries between soil layers can be represented by several groups of line segments. With the boundaries determined, we pass these rectangles to shaders, and apply multitexturing technique to render different soils. In Figure 4 , Texture 1, Texture 2, and Texture 3 are used to render Soil Layer 1, Soil Layer 2, ad Soil Layer 3, respectively. 
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Cutting the Soil
The reason for "cutting" the soil is to generate a more realistic visualization output, as if a real TBM would excavate soil as it moves forward..
One possible solution for cutting the soil objects might be directly splitting a rectangle into two polygons, as shown in Figure 5 . This approach is straight forward at first glance, but it is actually difficult to be achieved. Instead, we apply Alpha Blending to virtually cut the soil. Several transparent polygons (with an alpha value of 0), called soil cutting objects, are generated in front of the rectangles, as shown in Figure 6 , in which the white part represents soil excavated by the TBM. It is also worth mentioning that when we draw these objects, soil cutting objects are drawn before soil objects. As such, the particular portions of soil layers covered by soil cutting objects are automatically hidden by z-buffering. The result of this soil cutting algorithm is illustrated in Figure 7 . 
Visualization of the As-built Tunnel
With the algorithm mentioned in Section 3.1, visualizing the as-built tunnel is simple and straightforward. First, we retrieve the position and orientation angles of the TBM at discrete time points (t1, t2, … tn). Then, the TBM's position and orientation angles are interpolated in a series of equally spaced points, with spacing equals to the width of a concrete lining segment, along the trajectory of the TBM. After that, concrete lining segments are created between two interpolated points. In the end, soil cutting objects, soil objects, the ground, and other related information are modeled and drawn on the screen.
CASE STUDY
Project Description
To test the VLTB TBM Automated Guidance System and the proposed as-built modeling and visual simulation approach, a drainage tunnel project of City of Edmonton, WESS Stage W13, was chosen as the test bed. The total length of the tunnel is 1012.6 m at grade 0.1% and the outer diameter is 2340 mm (about 8 feet). An 8-foot TBM was used to build this tunnel.
TBM Guidance Systems
To minimize risks of guidance errors, in this project, the contractor still relied on a traditional laser guidance system as the primary tool for positioning the TBM, while the VLTB TBM guidance system was tested for validation only. The results of our field testing are listed in Table 1 , revealing that the differences between these two guidance systems are acceptable, and the VLTB guidance system is reliable. Note: (1) results from the laser system do not represent the true deviations (30-40mm errors according to experienced tunnel surveyors) but reliable benchmarks for cross checking VLTB results; (2) the VLTB guidance system integrates a robotic total station to realize high-precision point surveying at 2-3 mm accuracy. 
Testing the Proposed Approach
Before the first field test, design information of W13 project, such as as-designed alignment, borehole information, was manually entered into a database. In each field test, new TBM positioning data were automatically inputted to the database. As TBM orientations were not always available due to limited visibility in the tunnel, it was reasonably assumed that the forward direction of the TBM was always parallel to the as-designed alignment, and the rolling angle of the machine (TBM rotates along the forward direction) was zero. The final visualization output is shown in Figure 8 , which demonstrates the feasibility of our as-built modeling approach. 
CONCLUSIONS
As we further develop the underground space, we need to find out a way, fast, accurate and costeffectively, to keep record of the as-built tunnels. In recent years, several new technologies have been proposed to cope with this problem, but none of them is yet able to meet the requirements. In this paper, a new as-built tunnel modeling approach is proposed by using real-time TBM positioning data. A case study in Edmonton, Alberta was conducted to demonstrate the feasibility of our approach. However, several factors are neglected in the presented research, such as the installation errors of concrete lining segments, the deformation of the tunnel under ground pressure, etc. In order to verify the accuracy of the proposed approach, the authors are planning to conduct a field survey for the inner profile of the tunnel on several sampled sections and cross check against the as-built model built by our approach.
